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Outlet temperature of nozzle cooling water (copper chamber) 

Front end heat flux sensor water temperature In 

Front end heat flux sensor water temperature out 

Trip sleeve temperature, throat end, 0 deg 

Trip sleeve temperature, injector end, 0 deg 



Trip sleeve temperature, throat end, 240 deg 
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77 
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I 

Fuel flow rate based on turbine FM, propellant [instantaneous parameters, averaged] 

Mixture ratio, oxidizer flow rate/fuel flow rate [instantaneous MR, averaged] 

Thrust adjustment for thermal offset [run -1 02 only] 

Test cell ambient pressure 

Test cell ambient pressure 

Two-color pyrometer reading 0.5 in. upstream of throat [set to grey body; min.=2563oF] 

Temperature of trip housing outer ring, at 1 20 deg 

Temperature of trip housing outer ring, at 240 deg 

Midpoint of time interval over which data are averaged 

Measured nozzle throat area [cold] 

Measured nozzle exit area 

Ambient test cell pressure 

I Nitric oxide concentration of oxidizer, percent [for SGO calcs.] 

Pre-test zero offset of thrust measurement 

Oxidizer flow rate based on turbine FM, propellant [calculated from averaged parameters] 

Fuel flow rate based on turbine FM, propellant [calculated from averaged parameters] 

Total propellant flow rate based on turbine FM, propellant [calculated from averaged parameters 

Mixture ratio, oxidizer flow rate/fuel flow rate [calculated from averaged parameters] 

Measured thrust at cell conditions 

| Vacuum thrust calculated for zero back pressure 

Vacuum specific impulse calculated from F vac, and total propellant flow, WT 

(Characteristic exhaust velocity, calculated from C*=(PC-1)*AT g/WT | 
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Hydraulic resistance of fuel circuit, injector to chamber (PDFM) .... _ 

Hydraulic conductance of oxidizer circuit, valve to injector (PDFM) 

Hydraulic conductance of oxidizer circuit, injector to chamber (PDFM) 

Hydraulic conductance of fuel circuit, valve to injector (PDFM) 

Hydraulic conductance of fuel circuit, injector to chamber (PDFM) 

Thruster valve oxidizer inlet static pressure 

Iniector oxidizer manifold inlet static pressure 


Thruster valve fuel inlet static pressure 

Injector fuel manifold inlet static pressure 

Front end heat flux sensor water flow rate 

Front end heat flux sensor water temperature rise 

| Front end heat transfer 

Nozzle heat flux water flow rate 

Nozzle heat flux water temperature rise 

Nozzle heat transfer 1 
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53 RFVJ PD 164.810 148.333 156.101 1 4 8 . - ' n 149.665 146.001 149.996 153.228 143.761 156.268 147.604 151.627 
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83 TTW0 DEC F 79.3M5 79.2518 79.3303 78.5168 

84 TH-1 DEG F 1505.89 1424.38 1343.93 1405.97 

85 TH-2 DEG F 1191.31 1272.35 1349. e9 747.151 

86 TH-3 DEG F 1594.79 1622.93 1644.85 1477.77 

87 TH-4 DEG F 371.183 379.828 387.843 355.988 
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49 ROVJ PD 543.798 488.388 492.171 487. 6AB 479.293 486.486 480.863 471.074 480.785 488.021 470.857 488.723 

50 R0J PD 4617.14 4287.54 4368.17 4309.31 4232.21 4322.52 4237.18 4347.46 4285.87 4263.67 4254.82 4327.87 
32 RFRV PD -16.278 -15.308 -15.092 -15.163 -14.997 -15.027 -15.078 -15.113 -14.764 -14.870 -15.115 -15.121 
53 RFVJ PD 181.339 169.979 165.609 169.766 161.534 160.889 165.269 165.655 161.740 157.414 167.348 163.085 
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83 TTUO DEG F 31.3*81 31.6*80 81.7072 81.2330 

84 TH-1 DEG F 1602.09 1591.67 1562.23 1553.25 

85 TH-2 DEG F 390.402 464.892 603.654 392.844 

86 TH-3 DEG F 1585.41 1608.52 1682.52 1541.35 

87 TH-4 DEG F 384.770 391.546 394.623 364.226 
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84 TH-1 DEG F 1493.30 1505.79 1518.34 1431.47 

85 TH-2 DEG F 572.282 646.365 757.202 469.394 

86 TH-3 DEG F 1521.76 1534.83 1548.89 1376.40 

87 TH-4 DEG F 1336.91 1390.79 1419.44 873.876 
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Table D-l summarizes the inputs to the chamber heat transfer calculations for predicting 
local heat flex. These are calculated at the same chamber locations at which the test 
thermocouple measurements are made. The ratio of predicted to measured hg is shown in 
Figure D-l. 

The thermal model used to fit the transient thermal data is listed in Table D-2. If the input 
parameters are chosen to meet the stability criteria shown in the box at the top of the page, a non- 
iterative, explicit time-wise calculation of temperature across the rhenium chamber can be made. 
Radiation at the outer wall is treated as a fictitious gas side convection. The temperature- 
dependent properties of the rhenium used in the calculation are shown in Figure D-2. The model 
runs on a Pc, in Quattro. A significant limitation is a tendency to require small time increments 
to meet the stability criteria. 

The model was used to determine outer wall surface emissivity at the thermocouple 
locations by matching the post-test chamber cooling curves. Figures illustrate the process for 
thermocouple #1, using data from Test -1 15. Figures D-3 and D-4 show the lack of fit to the data 
for emissivities of 0.42 (wrought rhenium) and 0.95, respectively. The best fit, e = 0.8, is shown 
in Figure D-5. Figures D-6 through D-10 show the corresponding fits to the data for TC-2 
through TC-6. 

The model fitting of the hot fire data for the chamber thermocouples is shown in 
Figures D-l 1 through D-42. 
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RATIO OF BARTZ TO MEASURED hg 
TASK 4.0 TESTBED-ALL DATA 


1E+04 
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REYNOLD’S No, (dt) HIPC433A 

1E+06 


Figure D-1 





Table D-2. Transient Thermal Analysis 
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TEMPERATURE, oF 


CHAMBER THERMAL RESPONSE 
TEST -1 1 5 POST COOLING, TC-1 , e=0.42 



■ TC-1 MEASURED Tw outer-CALC 


Figure D-3 
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HEAT FLUX, BTU/IN~ 2-SEC 




TEMPERATURE, oF 


CHAMBER THERMAL RESPONSE 
TEST -1 1 5 POST COOLING, TC-1 , e=0.95 



■ TC-1 MEASURED Tw outer-CALC 


Figure D-4 


HEAT FLUX, BTU/IN~ 2-SEC 





TEMPERATURE, oF 


CHAMBER THERMAL RESPONSE 
TEST -1 1 5 POST COOLING, TC-1 , e=0.80 



■ TC-1 MEASURED Tw outer-CALC 


Figure D-5 
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HEAT FLUX, BTU/IN ~ 2-SEC 





CHAMBER THERMAL RESPONSE 
TEST -1 1 5 POST COOLING, TC-2, e=0.80 



■ TC-2 MEASURED Tw outer-CALC 


Figure D-6 
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HEAT FLUX, BTU/IN ~ 2-SEC 




TEMPERATURE, oF 


CHAMBER THERMAL RESPONSE 
TEST -115 POST COOLING, TC-3, e=0.80 



■ TC-3 MEASURED Tw outer-CALC 


Figure D-7 
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HEAT FLUX, BTU/IN~ 2-SEC 





TEMPERATURE, oF 


CHAMBER THERMAL RESPONSE 
TEST -1 1 5 POST COOLING, TC-4, e=0.80 



■ TC-4 MEASURED Tw outer-CALC 


Figure D-j 


HEAT FLUX, BTU/IN ~ 2-SEC 





TEMPERATURE, oF 


CHAMBER THERMAL RESPONSE 
TEST -1 1 5 POST COOLING, TC-5, e=0.80 



■ TC-5 MEASURED Tw outer-CALC 


Figure D-9 
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HEAT FLUX, BTU/IN ~ 2-SEC 



TEMPERATURE, oF 


CHAMBER THERMAL RESPONSE 
TEST -1 1 5 POST COOLING, TC-6, e=0.95 



■ TC-6 MEASURED Tw outer-CALC 


Figure D-10 
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HEAT FLUX, BTU/IN~ 2-SEC 





Chamber Thermal Response Tr=3300F/ 



d° •aufuvuadwai 
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TEMPERATURE, oF 


CHAMBER THERMAL RESPONSE 
Tr= 31 50F/hg = 0.00093/Pc = 242/MR = 0.72 



Tw inner 

Tw outer 

— qhg 

q rad 

+ MEAS. -113/TC-2 



Figure D-12 


HEAT FLUX, BTU/INT 2-SEC 



TEMPERATURE, oF 


CHAMBER THERMAL RESPONSE 
Tr=4075F/hg=0.00093/Pc=242/MR=0.72 



Tw inner 

Tw outer 

— q hg 

q rad 

+ MEAS. -113/TC-4 



Figure D-13 


HEAT FLUX, BTU/IN ~ 2-SEC 



TEMPERATURE, oF 


CHAMBER THERMAL RESPONSE 
Tr=4170F/hg=0.00098/Pc=242/MR=0.72 



Tw inner 

Tw outer — 

— qhg 

q rad 

+ MEAS. -113/TC-5 



Figure D-14 


HEAT FLUX, BTU/IN~ 2-SEC 




TEMPERATURE, oF 


CHAMBER THERMAL RESPONSE 
Tr=4200F/hg=0.00050/Pc=242/MR=0.72 



Tw inner 

Tw outer 

— qhg 

q rad 

+ MEAS. -113/TC-6 



Figure D-15 
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HEAT FLUX, BTU/IN ~ 2-SEC 




TEMPERATURE, oF 


CHAMBER THERMAL RESPONSE 
Tr=3540F/hg=0.0009/Pc=247/MR=0.83 



Figure D-16 
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HEAT FLUX, BTU/IN ~ 2-SEC 



TEMPERATURE, oF 


CHAMBER THERMAL RESPONSE 
Tr=3300F/hg=0.0009/Pc=247/MR=0.83 



Tw inner 

Tw outer 

— qhg 

q rad 

+ MEAS. -1 14/TC-2 



Figure D-17 
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HEAT FLUX, BTU/IN" 2-SEC 



TEMPERATURE, oF 


CHAMBER THERMAL RESPONSE 
Tr=4650F/hg=0.00085/Pc=247/MR=0.83 



Tw inner 

Tw outer — 

— qhg 

q rad 

+ MEAS. -114/TC-3 



Figure D-18 


HEAT FLUX, BTU/IN~ 2-SEC 




TEMPERATURE, oF 


CHAMBER THERMAL RESPONSE 
Jr = 4875F/hg =0.00070/Pc= 247/M R = 0 . 83 



Tw inner 

Tw outer 

— q hg 

q rad 

+ MEAS. -1 14/TC-4 



Figure D-19 
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HEAT FLUX, BTU/IN~ 2-SEC 







TEMPERATURE, oF 


CHAMBER THERMAL RESPONSE 
Tr=4575F/hg=0.00090/Pc=247/MR=0.83 



Tw inner 

Tw outer — 

— qhg 

q rad 

+ MEAS. -1 14/TC-5 



Figure D-20 


HEAT FLUX, BTU/IN~ 2-SEC 




TEMPERATURE, oF 


CHAMBER THERMAL RESPONSE 
Tr=4600F/hg=0. 00050/Pc = 247/M R = 0. 83 



Tw inner 

Tw outer — 

— qhg 

q rad 

+ MEAS. -1 14/TC-6 



Figure D-21 


D-25 


HEAT FLUX, BTU/IN ~ 2-SEC 



TEMPERATURE, oF 


CHAMBER THERMAL RESPONSE 
Tr= 3850F/hg = 0 . 00080 /Pc =242/MR= 0.87 



Tw inner 

Tw outer — 

— qhg 

q rad 

+ MEAS. -1 15/TC-1 



Figure D-22 


HEAT FLUX, BTU/IN ~ 2-SEC 




TEMPERATURE, oF 


CHAMBER THERMAL RESPONSE 
Tr=3600F/hg=0.00085/Pc=242/MR=0.87 



Tw inner 

Tw outer 

— q hg 

q rad 

+ MEAS. -1 15/TC-2 



Figure D-23 
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HEAT FLUX, BTU/IN~ 2-SEC 




CHAMBER THERMAL RESPONSE 

Tr=4950F/hg=0.00095/Pc=242/MR=0.87 



Tw inner 

Tw outer — 

— qhg 

q rad 

+ MEAS. -115/TC-3 



Figure D-24 
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HEAT FLUX, BTU/IN ~ 2-SEC 




TEMPERATURE, oF 


CHAMBER THERMAL RESPONSE 
Tr=5400F/hg=0.00065/Pc=242/MR=0.87 



Tw inner 

Tw outer 

— qhg 

q rad 

+ MEAS. -1 15/TC-4 



Figure D-25 


HEAT FLUX, BTU/IN ~ 2-SEC 



TEMPERATURE oF 


CHAMBER THERMAL RESPONSE 
Tr=4750F/hg=0.0009/Pc=242/MR=0.87 



Figure D-26 
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HEAT FLUX, BTU/IN ~ 2-SEC 




TEMPERATURE, of 




Figure D-27 


D-31 


HEAT FLUX, BTU/IN ~ 2-SEC 





TEMPERATURE, oF 


« 


CHAMBER THERMAL RESPONSE 

Tr=3750F/hg=0.00080/Pc=245/MR=0.85 



Tw inner 

Tw outer — 

— qhg 

q rad 

+ MEAS. -1 16/TC-1 



Figure D-28 
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HEAT FLUX, BTU/IN^ 2-SEC 



TEMPERATURE, oF 


CHAMBER THERMAL RESPONSE 
Tr = 3525F/h g = 0. 00085/Pc = 245/M R = 0. 85 



Tw inner 

Tw outer — 

— qhg 

q rad 

+ MEAS. -116/TC-2 



Figure D-29 


HEAT FLUX, BTU/IN ~ 2-SEC 




TEMPERATURE, oF 


CHAMBER THERMAL RESPONSE 

Tr=5250F/hg=0.0008/Pc=245/MR=0.85 



Tw inner 

Tw outer 

— qhg 

q rad 

+ MEAS. -116/TC-3 



Figure D-30 
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HEAT FLUX, BTU/IN'' 2-SEC 




TEMPERATURE, oF 


CHAMBER THERMAL RESPONSE 
Tr=5525F/hg=0.0006/Pc=245/MR=0.85 



Tw inner 

Tw outer — 

— qhg 

q rad 

+ MEAS. -116/TC-4 



Figure D-31 
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HEAT FLUX, BTU/IN~ 2-SEC 




TEMPERATURE, oF 


CHAMBER THERMAL RESPONSE 
Tr=4650F/hg=0.00095/Pc=245/MR=0.85 



Tw inner 

Tw outer — 

— qhg 

q rad 

+ MEAS. -1 1 6/TC-5 



Figure D-32 
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HEAT FLUX, BTU/IN ~ 2-SEC 




TEMPERATURE, oF 


CHAMBER THERMAL RESPONSE 
Tr=3225F/hg=0.0008/Pc=245/MR=0.85 



Tw inner 

Tw outer 

— q hg 

q rad 

+ MEAS. -1 16/TC-6 



Figure D-33 


HEAT FLUX, BTU/IN ~ 2-SEC 



TEMPERATURE, oF 


CHAMBER THERMAL RESPONSE 
Tr = 4200F/hg = 0. 001 /Pc = 94.9/MR = 0. 87 



Tw inner 

Tw outer — 

— q hg 

q rad 

+ MEAS. -118/TC-1 



Figure D-34 


HEAT FLUX, BTU/IN ~ 2-SEC 




TEMPERATURE, oF 


CHAMBER THERMAL RESPONSE 
Tr=4350F/hg =0.001 2/Pc=94.9/MR=0.87 



Tw inner 

Tw outer 

— q hg 

q rad 

+ MEAS. -1 18/TC-2 



Figure D-35 
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HEAT FLUX, BTU/IN~ 2-SEC 





TEMPERATURE, oF 


CHAMBER THERMAL RESPONSE 
Tr=2950F/hg=0.00065/Pc=94.9/MR=0.87 



Tw inner 

Tw outer 

— qhg 

q rad 

+ MEAS. -1 1 8/TC-6 



Figure D-36 


HEAT FLUX, BTU/IN ~ 2-SEC 




TEMPERATURE, oF 


CHAMBER THERMAL RESPONSE 
Tr=4600F/hg=0.00085/Pc=101/MR=0.97 



Tw inner 

Tw outer 

— q hg 

q rad 

+ MEAS. -1 19/TC-1 



.Figure D-37 


HEAT FLUX, BTU/IN ~ 2-SEC 




TEMPERATURE, oF 


CHAMBER THERMAL RESPONSE 
Tr=4800F/hg =0.001 /Pc= 1 01 /MR =0.97 



Tw inner 

Tw outer 

— qhg 

q rad 

+ MEAS. -1 19/TC-2 



Figure D-38 
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HEAT FLUX, BTU/IN~ 2-SEC 



TEMPERATURE, oF 


CHAMBER THERMAL RESPONSE 
Tr = 3000F/h g = 0. 0008/Pc =101/MR=0.97 



Tw inner 

Tw outer 

— qhg 

q rad 

+ MEAS. -1 19/TC-6 



Figure D-39 


D-43 


HEAT FLUX, BTU/IN^ 2-SEC 






TEMPERATURE, oF 


CHAMBER THERMAL RESPONSE 
Tr=5200F/hg=0.00075/Pc=100/MR=1 .08 



Tw inner 

Tw outer 

— qhg 

q rad 

+ MEAS. -120/TC-1 



Figure D-40 


D-44 


HEAT FLUX, BTU/IN ~ 2-SEC 




TEMPERATURE, oF 


CHAMBER THERMAL RESPONSE 
Tr=4900F/hg=0.00095/Pc=100/MR=1 .08 



Tw inner 

Tw outer — 

— qhg 

q rad 

+ MEAS. -120/TC-2 



Figure D-41 
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HEAT FLUX, BTU/IN ~ 2-SEC 



CHAMBER THERMAL RESPONSE 
Tr=31 50F/hg=0. 0007/Pc = 1 00/MR =1 .08 



Tw inner 

Tw outer — 

— qhg 

q rad 

+ MEAS. -120/TC-6 



Figure D-42 
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HEAT FLUX, BTU/IN~ 2-SEC 
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